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Effect of Spontm~eous Decay of

Superconductor Quasiparticks

in the Thnneling Density of States

D. Coffey
Center for Matcriah Scia cc, be Akoom N*tional LnbcmaloW, Los Alunos, NM S7545, U.S.A.

A 13STR ACT . Superconduct 1wiiy ham been succcssfdly .lescnbed with either the Landau-Ginsburg theory of

aacond order ph-e trmmitiem or wilh stron~-coupli.ng versions of Lhe ongirnl BCS theory for almomt fWy years.

Recent tunnclling and pholocmimion dmtmon the cupratc oxide miperconductore m~y now provide c.idencc of

correctioru to the mean field approximating. It hu been shown hy Zwdinski et ala [1992] that there i- ● dip

●t CV = 3A0 in thr S1S tunneling conductarrre, which i- the derivative of the current acr.acs ● wperconductor-

inaulmtor-wpemondrwtor junction wi~h respect to the ●ppIicd voltagr, for ● bet of cuplste superconducta~ whom

TCISr-se born h.5K i. lDOK. Recently L Coflcy and IIC.ffey and Coffey 1893j proposed an ●rplanmtion of thh

feature in terme of the spontaneous dec-y of MrU field qutiperticle-. We ekmed thn~ correckiom to the mean

fictd ●pprrmimsiion for ● ●:pcrconducbr lead 10 difiemnt frequency ihre.holti for cpont-eoue quaaipariiutc decay

with diRerent superconductor order parameter symmetries, Thece tiects Iced to femurem in the superconductor

demiiy of ~ta~ea -d in the S1S Iunncling conductance and proviile ●rperirncntd ●violence of d--awe tymetry

for Lhc ●rpcrcn~ducior order puune~er in the rupraien. 1 dificuee thin model and ah. evidence of rlumsipcrtmlr

der~y in ARPES data on Bi2Sr2CaCu~O~.

~eywo~,: Superconductivity, Thnnehng, Quaeiparticlem

I. Introduction

One of the earliest experiment.u which supported the predictiorr~ of the BCS theory were lhr
tunneling exprrirnento of Giaever[1960]. TheBc experiment.a showrd thr piling up of thr drnoit.y
of sLaten, as mcaaurcd in SIN tunneling conductance, at A. for 7’ << TC. Later dcvckrpmentu
verifird the reoulto of rnrrr.- mphicatcd treatment of the ●lcctrcrn-phrmon intcrartimm within thr
Eliachbq frmmalinlll ●d lead LOa crmni-tent account of the phonon drrmity of ~tntrn togrthrr
with thr ●lectron-phonon coupling anrl the tunrwling corrriuctancc, [Schrirffcr r-t AI 19G3] Thin
cna]ynin nf the clc( trnn-phormn coupling rclien on fcaturcn in U.SJN(r\’) : dI/dv ~L bias vo!tagrn

mrch that FV : A() .+ WJ,h whcrr AO in th~ pooi’ion of lhr f.rrmk in gsJN(rl” ) and U,,h ●rr Char-
acteristic phwrorr frrqucncirs ~rl thr auprrcondulLors. [MrMillall an(l Itowrl] IWB] Thrnr featurcn
arc rlipc whoor drpth h a frw % of the BCS value of U51N(e V ) at that Lien and mrr shout four

timcn lhrgrr in thr tunneling crmductrmm U; ~uperconduc Lrw-innulator-u pclrrmriurl{w junrtion,

psf.s(r~’). Zuadzillnki ~t aI. a[ItIgZ] found a dip feature in lhr p5f.q (r\’ ) curves f~,r a nulllhrr
of rupralr suprrrrrndurt[~rn with valum of Tt rarrgin~ frolrl !iK lIJ IO(JK whirh -calm with A,,,
othrr thriri lhr prnk at 2A(, rx~wctrd from thr m~an fichl al)l]r{~xilllntit)rj, ‘1’hin al~t] ❑lIIIwn ,I]J

whrn J:; I,K in grl]rralrd nullwricnlly uoiug rnrnrrurrd tunrrcling r-orldu(lnn[rx (III●uprrrondu[ Iing
inoulntor, rl(~rlllni IIIr Lm] (S I h) junrtionn, p.XJN. Thr analyuis of Znnmtlrinnki rt nl, a[l{)!l?j, nh,mv II

in Fi~l rr I , in I.hr firrrl h, i,lrl]lify thr knturr in v.~1.s wit]) a mlprrcontlu( l~,r rnrrRy nllllr, ‘1’llr

smllr frnturr h lmnrlll ill thr IlrI1.*\t}fother gr[mpn on thr I]S(:(X) nynlrlll[~’rluk rl m], lUIII , (’hrll
aII, ! NM I!)!l?i RIIII lInrI IN rII ❑hIIWII b g{, tiwny mmlhr trlIlprr~Lurr illi rrmr ml)t)vr ‘/~, [M IuI(l I IIn r!

al, IVOI, Mnl,~lrlln FI nl 11111:1]
Thin frnlllrr nl r\’ 3,\,, ill g,.:l.$(rl’) in t-orlminlrl, ! with thr dill fFntlIlr Rrrll ill Lhr nn~l? rrrullvr{l
photljrrl!inrrl~lll tirrl V(AIII’LS) 1)11lli2SIz( ~n(’t)lOn.ll) rnrlnll ?1 nl. I{l!t 1, IIWII rl al, lW)l, Shrll ri

n], 11)11:{] ‘1’), in CtIIIriIrIIFII~y Ilrl,wrrll ~,$1N( r\’ ) aIId Al{l’lt S dnlrr hIUI Iwr[l Il{lil!lri! mI1. Iwf{$rr
by Znnn,lr.illmkl rt ml ‘[ IUII: I nn~l by MmII(lIIIn rl nl I IVI!31 Alll)l’% ]llrnnl]f~,l ihr nprrt rml ilrlln,t y
f~n rnrl RirN hrl(~w t,l}r l~rrllll !+urfrwr nll(l frolll it lhr drllwily tlf a~nlrtt, ti,kr~(rl’), rllnv Im

tal IIIlm IrI1. III thr AI{ I’I,; S {Int,. tllrrr i- a ilil) aI, IIIR t)II- Ijirritioll ,11 tiI ?,\l,, ‘1’hr nnip(,lrt,l,y

t)f thr IIi}) lrntln t!) it I)rillp, rr(ll)~ril I)y avrln~,l:l~ Wllrll lllr g,\ IN (r\’) in [n]l Illnlr{l fIIIIII llIr

●]trt lrnl rlrllnilv ‘1’llr lrnulli,l~ Irnlurr AI rl’ 1A,, III g\) N(r\’ ) Irrt[!m 10 tllr I!II) nl r\’ :!A\,,



in the ~S15(rV) generated from the g51N(eV) curves In ~ur calculat)on~Coffry and CofTcy 1993;

the dip in US15 is a cormequencc of dcviatiorm from weak coupling mean firld behavior of thr
cup~rconductivity in lbese m~terials Eerc wc argue that the d~p -ecn iti PSJS in ~ cor’mqumcc
of these ●ffectn and that the value of the biaxing uromm the junction at which it occur- pointn to
the conclusion that the superconducting order ~amctcr in the cuprstes in d-wave.
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One ronncquencr of dcviationt from ● weak coupling reran fiFld treatmrnt of mperccmcluctivity
it that Lhc mean fiula quuiparticlcs spontmcously decay which leach to changes in the density ‘
tMc-[IJ. Coffey 1990] Theat decay procccmm arc charactcrimd aokly lJy tht gap function, A(k),
●nd the quaoiparliclc rxcitatiun spectrum. C;onmqufnt]y thry arc ● pr{jbr of tll? nature of thr
order paramrtrr.

The stmrting point of thr prrmrrt analysim in a Ilamilhlnian, ltq ( l), Anrribing ● mynlcIII of
frrnliona inlrrartlng vm ● pnlrlltial, U(q~,

(1)



becomes

.- ..
whcrr kl z k – ~,ku := -k; + <,k3 = -k~,and ~4 = k, HA, H~ &nd Hc- arc

--- -
HA(kl, k2, k3, k4,0, 9)= (Ui,ui, + vi,l’i,)ui,~i,ba, ~, (30)

H~(Il,~2,13,~41~,fl) = ~k,”i,l’i,vi,bm, B, (3!I)

m d
HL.(~l, ~2,~3,~4,a,ff) :: (Ui,ui,+ vi,vj,)(~i,uj, + vizl’k,)~t,, P

(:\(’)
+ Ui, Vi,7)i, Ui, b~B/1

The firBt term in Equation(l) han been replaced by thr pairing Hamiltollian which incorporates
~1,1the WCak,Coup]lng mean field contrib~tit~nn from tht intcr~lion ltrm, ~:onBequrnllY in cal”

culationg thr efTrct of lhc intcrnrtlo,lo in Equation(2) all contributiorur which includr mean field
contributions ehould be dropp~d to avoid double-counting. The reuidual interactions lead 10 cor.
rections to thr weak- coupling meao ficid approximation Here them dcviationo from thin mean

field ~pproxirnation arc calculated to srcrmd order in Lhr interactimm. ‘Ihc contributionti to tllr

self-energy, l;(~, w), of L!IC-r~o ?iO propagator arr shown in Fig~lr? 2
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Wbrn ihc imaginary partn of Lhcnc mclf-energies become non mro the mean field quaaiparticlcs
spontarmoudy dcray.
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direction in which A(i) G O and the direction in which A(~F) = 30 1 will di~ruw+ thifi bclmv
in the context of arrgl~ rewlvcd photocminsion ~pectroucopy. l’hr moEt important point hrrr

is that the microscopic calculaticmri clearly thow that spontancrmu qu~iparticle decay becomes
appreciable at W’B srna]kr by -- A. in the d-wave cam than in the a-wavr cam. We now shmv

that the Bwitching on of tbi~ decay channel may be -ecn in the tunneling conductance.

111.

The

Phcmomenologiral Model

current acrosri an iCiBUhAliIlg barrier i- given by[Schricffer 1963;

where AR,L(~,w) iri the Bpcctral drnsity u ●ither nidc of the barrier. Amuming that thr tunneling

matrix clement, lT~L,iR la, docn not depend on moment.a on the left and right hand Bides of t},e

barrier, IL and ~R, the current bccomcrr

J
o

l(rV) a _,v&Nw@(h’ +Ct’) (7)

NIRILJ(W) are the dcnsitim of mtatc~ of the charge ~mricru on the left and right hand sidrw of the

insulating barrier, which for w .> 0 i-,

The cffccta of mpmrtanrouo quasipartich clccay arc more cMily mccn in gsls(c V) curvc6 than in

USIN(F}’) curvcn. Thin is becautc two suprrronctuct.or densities of ot~lro arc convoluted with

each othrr in gslr(r !’ ), whereM a mupcrcrmcfurting and normal ctcnoity of statc~ arc rcmvolutcd
with each oLhcr in g51N(c\’). Examining E4. (4) onc ●ecn that thrrc in a big contribution to the

current acroorr the junction whrn w =- -- A(, and w + eV :. A(), i.e. whrn the bian acronn ~hr

junction is eV ~ 2A(,. In the satnr way thecflcut of the decay proccmcu can bc ●ccn in a d-wave
aupcrconductor whrn u ~~ At) and w + rV :. 2&, th~ frrqurrrcy at which the qu~iparticlr

decay procmn -tarts LObecome apprrciahlr in a d-wave suprrcnnductor, The calculatml current
in ● mrmotonic function of rV with changrn in nlopc at el’ 2A(1 and al CV – 3A(I for d.w~vr,

Calculriting g5r.$(r V ) pi~kn out thrmc vdurn of et’ at which ttw ■lo}m changrn and it in thr

rapid increanc iII };~(~, w) a~ w 2A() which irr rmpmnilrlr fur thr frmiuren at rl’ :. 3A(,. The
Corrrnporlding valur of rt’ for an n-wav? fiuprrr~mduf Lt)r in ‘. 4,\,l

In ordrr to Rrnrrntr Lhr U,~l N md g.sl,~, ;“llrvm for a d-wavF nuprrr(mdul”tor wc illlr(uiurr n

~>tlrrl(~lrlrllt)lf}gi[nl rl],)(lcl ill wllirh lm(; (k, ti, ) in rrl]lrn( rtl l~y n lj(~rrrltr.iul, of thr fllrlil

I
Im(;(i, w)
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rc and rl ar? Lakcu to bc frrc parametcrn In Figurr 4 we compare (A) g51N(e\’) and (B)

gs[.~(~t’) mrvcn for the CMC whm the frfqucnry dependent drca.v pruccm i~ takrn into ac-
count, r. - 0.05A0 and 1’1 = 0.5A0 (full lint), with the cauc whcrr thie frequency dcpcnclcnrr

in ignored ~11 = 0.05A0 and 1$1 = O (broken linr). One WCH that, as a Consequence of the

frcqurncy deprndcnt damping due to the decay of Elogoluibov quaaiparticlcn, there in a dip in

gsls(rt’) for 3A0 5 IcVI $ 4&. Thin fcalurc ~MUIbeen dearly id~ntificd in the cxwirncnt~l

data by the work of Zaaarlzinski CL al.a[1992;. Thin dip is complrlcly miming from the g~ls(cl’)
where thr frequrnc y dependent drcay proteus in ignored (broken line). Looking at the gsr~ (et’)

curves, Figure 4(A), there in no mtrong fmturc and it would be difficult to idtntify the effect in
experimental data.
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spin flucluaticrrrs which rrquirc going beyond necond order perturbation theory and allowing for
repcaLcd wattcring through Hc. [Coffe:/ and Coffry, unpublished

IV. Angle Mesolvcd Photoemission

Tbc treatment of thr tunneling conductance abovr ignored any nlomcrrturn dependence of the
tunneling matrix eicment. An a result thr dcnuity of otatca, an avcragr of Lhr npectral dennity,

entered the exprcmion for the current, In reality the tunnchng matrix clcrncnt will pick out
differcnl k’ ntatcs for tunneling depending on the geometry of the experiment. In making thifi
approximation I bavr averaged nvcr the arlinotropy pre~ent in the micro~copic calculation which
ohowu up in the opcctrtd dennity. One experiment in which the upcclral dcrrnitv in mc~urcd
directly in angle rebolvcd photoeminnion(AR1’ES) and the data of Shcn et a]. [1993] preBcntcd

berc al this conference clearly UIIOWSthin anitrotropy.-Tbcy have concentrated on thr uinotropy

of the piling up of otatcn and so conclude that A(k) in very anieotropic. However their dala

also clearly tihowrr thr ~iootropy of the dip feature. Along one direction in momentum mparc
there in a piling up of the dcunity of states at - AO with a dip which appears at M 2Ao. Thi~
feature in the spectral density i~ the tignaturc of tbc mpontancouG qumiparticlc dc$ay for a d-
wavc Bupcrconduct.o!. Along a direction at 45° ~herc is no ●violence for a gap in A(k) and there
i~ no feature at 2A0. This in nol quite what is seen in Figure 2. There, the largest values of
ltn}l(~, w) appear along the direction in which A(r) = O and not along the other direction.
Thin dincrcpm,cy between our model and the experiments on 13i2SraCaCua0a+a turnn out to
depend on band structure. In the microscopic calculaticme diocumcd nbovc, a eimplc tighi-

binding band -tructurc wu USC(I. If next nearest rmil;hhor hopping in put in, the t - tI band

mtructurc, the mlf-energy bccomcn apprcciblc along b[~th dircctiorio at w a 2ArI. This sensitivity
to thr Fermi Burfam is undcrutandablc given that our allalyBin is baaed on cormcrvation of energy

and momentum and conmcqucntly depends on where the low energy Bt.atcs close to the Fermi

murfact arr in momrntum Opacc. So it is important to carry ‘out our microscopic calculation
with a Fermi surface which better approximat.cn thr one found by Shcn et al. [19B3). The rc~ultn

of thio calculation will br reported clrwwhcrc.

Thr scmlIIIg of the dip f~aturr ill the cuprateo found by Zaam-izinm’ i rt al, ”[]992] clearly pointn
to it.o origin being intrirruic to the nupcrconductor ctatc. It would Ix of intcrcnt to ●et if there
is cvidrrwr for thcnr rffrctu in ❑ytLrmc othrr than thr cupratcm, Since thr work of MarMillan

and R(IwcII[196H] wrak frhturrrr in the tunrmling cmrrlurtancr have provi” d i:lformatiw on t}lr
•lrctr(~rl-~~}~(lnf)n coup]illk consintcnt with thr known phurron dcnnity of b.ntcn mld Brronr would
look for rlimcrcpanciru hctwrcn the phrrn(m dcrlni Ly of ●takti and g51,$(rl’ ) or for fmturco closr
tu rk’ equal to ITIUILII)ICS of Al, out~idc the ph[lnrm rangr in a survey of gsls curvcn for dillrrcnt

supcrconducllwu,

prlc{,rl[lu[ L(lrrr ur nl Li.c IIlinillllllll n vrry anin[,trupi[ onr, whrrr thr dr~rrr [~f allinolro~)y” }ImI to

hr rmnrntinllv lhr Mirllr ,wrr Lhr rangr of tllr mll~jrr[,~r]llllcl,,rn SII(>WII ill l:i~lllr I ‘1’hin frlllurr

in lll!nlllll;~ll(llln 111’tiilllle II( lhr tli~,ll rnrr~y n! which lllr tll]~ i~ ❑rrIl ml[l in n CIrnr nignl~tl]rr (I!

Lhr nnturr (}f thr ~u(lrl Imrnlllftrr, Atlrllll,tn t.,1 i(lrlltlry l]lr Mylr)ll}rlry ~,f t]lr ordrr parnlllrtrl
rr[)lll dnim 1111h} IIIIw’ Ilnvr rrll~(l (III plwrr IIIW’ fiLri L{I I(IW lrllllwlntllrr nll(i ]OW cllrrgy br]luvi,,r



films of cuprate supelconductoru with low T,’B and memu LObc a robust [eature of the tunnciing

conductance in the cuprates [Zaaadzinnki CLal. 1993).

In our calculation wc have concentrated on spontaneous quaciparticlc drcay and have taken
a simple model for the normal otatc opcctrum. In particular wc have ignored the cffectn of

interaction on thin spectrum which have the effect of snloothing out sharp featuren amociatc
with the tight-binding ntructure in the dcnni Ly of ntaten, We conuidcr a more rediotic treatment
of the normal otate spectrum and interaction effectu in a forthcoming publication.[Coffey and
Coffey unpublished]

I am grateful to J, Zamdzirmki et al. for pcrmimion to reproduce their data prior to publication
a~d to L. Cofley, D. Mandrun, and J. Zaoadzinnki for uneful conversations Thin work wrM

oupported by the US Department of Energy.
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